SUMMARY Background
Nonsteroidal anti-inflammatory drugs (NSAIDs) include aspirin (acetylsalicylic acid, ASA). Long-term use of NSAIDs has been associated with lowered risk of colorectal cancer (CRC), but the use is hampered by adverse effects. Also, the anticarcinogenic effects of NSAIDs are incompletely understood. Understanding biological effects of NSAIDs may help developing new preventive medical strategies.
Aim
To identify gene-environment interactions between genetic variation and NSAID use in relation to risk of CRC.
Methods
We performed a PubMed literature search and all studies reporting original data on interactions between NSAIDs and polymorphisms in relation to CRC were evaluated.
Results
We found indications that aspirin interacted with rs6983267 close to MYC (encoding a transcription factor involved in cell cycle progression, apoptosis and cellular transformation) and NSAIDs interacted with rs3024505 and rs1800872 in or close to IL10 (encoding IL-10) in preventing CRC. Homozygous carriers of the variant allele of rs6983267 (ca. 25% of the population) halved their risk for CRC by aspirin use compared to homozygous wildtype carriers who did not benefit from aspirin intake. No interaction between use of NSAIDs and PTGS-2 (encoding COX-2) in relation to CRC risk was detected. Other findings of interactions between genes in inflammatory and oncogenic pathways and NSAIDs were considered suggestive.
INTRODUCTION
Colorectal cancer (CRC) is a major health problem worldwide. CRC is the third most common cancer and the one with the highest mortality in Western populations. 1 The incidence is increasing due to demographical changes and due to the implementation of Western lifestyle in the developing countries. Lifestyle factors, including diet, are considered to be the main cause of CRC. High intake of red meat, animal fat, alcohol and smoking has been associated with increased risk of CRC whereas high intake of dietary fibres, fruit and vegetables, and physical activity are considered protective in relation to CRC. 2 Also medical preventive strategies may be considered. 3 Nonsteroidal anti-inflammatory drugs (NSAIDs) include aspirin (acetylsalicylic acid, ASA). Long-term use of NSAIDs has been associated with lowered risk of CRC in prospective population-based studies. [4] [5] [6] The primary anti-inflammatory effects of NSAIDs is competitive inhibition of cyclooxygenases (COX) 1 and 2 which catalyse the rate-limiting conversion of arachidonic acid (AA) to the pro-and anti-inflammatory prostaglandins and thromboxanes. 7, 8 The main cardiovascular effect of low-dose aspirin is acetylation of COX-1 leading to irreversible inactivation of COX-1 and thereby reducing COX-1-derived thromboxane A 2 synthesis. However, the underlying biological mechanisms of action of the protective effect in relation to colorectal carcinogenesis are incompletely understood. 5 It has been found that NSAID metabolites without ability to inhibit COX inhibited cell growth by stimulating apoptosis. 9 Thus, NSAIDs may have COX-independent anti-carcinogenic effects which may involve peroxisome proliferator-activated receptor (PPAR) c, nuclear factor j-B (NFjB) and the transforming growth factor b (TGF-b) pathways [10] [11] [12] (reviewed in 3, 5, 8, 13) . Some of these data come from animal and in vitro studies and may not be directly applicable in humans, e.g. due to the high doses of NSAIDs used. The use of NSAIDs in prevention of CRC has been hampered by the increased risk of cardiovascular and gastrointestinal side effects. 5 Consequently, an important issue is to understand the biological mechanisms of action of NSAIDs in relation to colorectal carcinogenesis. Identifying gene-environment interactions is a means to identify genes and biological pathways involved in the biological actions of aspirin and other NSAIDs. This strategy has proved valuable for the identifications of biological mechanisms underlying the effects of diet in CRC. [14] [15] [16] [17] [18] [19] [20] We therefore reviewed the literature on interactions between NSAIDs and polymorphisms in relation to CRC to identify genes and pathways involved in the protective effects of NSAID use.
MATERIALS AND METHODS
A systematic review and meta-analysis were carried out according to the guidelines of PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) statement. 21 PubMed was searched for various combinations of 'NSAID', 'aspirin', 'colorectal cancer', 'snp (s)', 'gene variant' and 'polymorphisms' resulting in 85 abstracts (December 2013). All studies suggesting that they presented original data on polymorphisms and NSAID interaction were retrieved (46 articles) and reviewed and all studies reporting original data on interaction between polymorphisms and NSAID use in relation to risk of CRC were included (seven prospective cohort studies 14, 15, [17] [18] [19] [20] 22 and 21 case-control studies ). In addition, two studies were identified in the reference lists from found articles. 44, 45 Another study was identified by searching for related articles (January 2014). 46 One study analysed two separate prospective cohorts 46 and one case-control study included both a discovery and a validation cohort. 27 Three studies were excluded due to small numbers of participants and missing data on NSAID use. 25, 44, 45 Furthermore, previously unpublished data on interactions between NSAIDs and HMOX in relation to CRC from a published study was added. 47 Figure 1 shows the search strategy. A new search (May 2014) identified no new studies in PubMed and one case-control study in Embase which was included in Table 2. 48 P-value for interaction (P int ) between NSAID use and polymorphisms was retrieved and a P-value below 0.05 was considered statistically significant. P-values adjusted for confounders were chosen whenever possible as indicated in Tables 1 and S1 . The retrieved P-values were not corrected for multiple testing.
RESULTS
In total, 28 studies were identified which reported original data on gene-environment interactions with NSAID use in relation to CRC risk. All retrieved studies were evaluated according to the validity of the data on NSAID use as prospective studies; i.e. where information on NSAID use was collected prior to the development of CRC or obtained from unbiased sources (prospective cohorts, nested case-control studies) and as case-control studies with possible recall bias; i.e. studies with retrospective collection of data on NSAID use (case-control studies). In total, eight prospective 14, 15, 17-20, 22, 46 and 21 case-control studies 23, 24, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] 48 were identified. Tables 1 and S1 show results on interactions between NSAID use and polymorphisms in relation to CRC from prospective and case-control studies respectively. Figure 2 shows examples of the effects of NSAID intake on the risk of CRC for carriers of the wildtype and the variant alleles respectively. The studies vary considerably in design and definition of NSAID use (Table 2 ) and, furthermore, in numbers of included cases and controls (Tables 1 and S1 ).
Arachidonic acid pathway PTGS1 (encoding COX-1) is constitutively expressed in many tissues, whereas PTGS2 (encoding COX-2) is induced by inflammatory stimuli such as cytokines. COX catalyses the rate-limiting conversion of AA to prostaglandins such as the pro-carcinogenic prostaglandin E 2 (PGE 2 ). 7, 8 Interactions between use of NSAIDs and PTGS1 and PTGS2, respectively, have been evaluated in prospective 19, 22 and case-control studies 27, 34, 40 ( Tables 1 and S1 , respectively). No interaction between NSAID use and functional PTGS2 polymorphisms was found in two prospective studies (Table 1) . 19, 22 A large case-control study including more than 3500 cases and 4900 controls evaluated six functional and marker polymorphisms in PTGS1 and one in PTGS2. 27 They found interaction between NSAID use and PTGS1 rs3842787, rs10306135 and rs6478565 in relation to rectal cancer (P for interaction (P int ) = 0.05, 0.001 and 0.03 respectively) and PTGS2 rs20424 in relation to colon cancer (P int = 0.001) in the discovery cohort, but no interactions were found in the validation cohort (Table S1 ).
27
PTGS1 haplotype analysis was not performed. 27 In addition, two other studies found no interaction between PTGS2 and NSAID use 34, 40 (Table S1 ).
ALOXs encodes for arachidonate lipoxygenases which convert AA into leukotrienes, including leukotriene B 4 (LTB 4 ), involved in colorectal cancer. 7 Functional polymorphisms in ALOX5, AlOX12, ALOX15 and ALOX5AP (FLAP) encoding the arachidonate 5-lipoxygenase-activating protein were investigated (Table S1 ). 28 Interactions with NSAID use were found for ALOX15 rs2619112, ALOX5AP rs9508832, rs9315053, rs4075692 and rs9551960 in relation to rectal cancer and ALOX5AP rs17239025 in relation to colon cancer (Table S1 ). 28 The authors found that ALOX15 rs2619112 (G9562A) homozygous variant carriers benefitted more from NSAID use than wildtype allele carriers (P int = 0.01). 28 Variant allele carriers were at increased risk of rectal cancer compared to homozygous wildtype carriers (P = 0.05).
28
Prostaglandins (PGE 2 , PGI 2 and PGJ 2 ) or their metabolites may be ligands for and activate PPARs encoded for by PPARD and PPARG. 7 No interactions between NSAIDs and PPARD or PPARG were, however, found (Tables 1 and S1) . 15, 41, 42 The ultimate source of the essential fatty acid AA is diet. PLA2G1B encodes a calcium-dependent enzyme which catalyses the hydrolysis of fatty acids from dietary phospholipids in the intestine releasing AA for incorporation into the cellular membranes and eicosanoid synthesis. 26 Interaction between NSAID use and PLA2G1B rs2070873 was found in relation to CRC (Table S1 ). 26 The homozygous wildtype carriers benefitted more from NSAID use than variant allele carriers.
26
ABCB1, ABCC2 and SLC22A4 encode transport proteins which may be involved in lipid transport such as phospholipids. [49] [50] [51] Diet is a source of phospholipids which are converted to AA and may next lead to the formation of the pro-carcinogenic PGE 2 and leukotriene B 4 (LTB 4 ). 7 Interactions between NSAID use and polymorphisms in ABCB1, ABCC2 and SLC22A4 in relation to risk of CRC were found in a prospective cohort (Table 1) . 14, 18, 20 These studies suggest interactions between NSAID use and PTGS1, PTGS2, ALOXs, PLA2G1B, ABCB1, ABCC2 and SLC22A4 polymorphisms in relation to risk of CRC, ). IRR † indicates the slope of the line of the association between genotype and use of NSAID ("No" and "Yes"). The P-values in Table 1 indicate whether the slopes of the two lines are statistically significantly different. § This study was adjusted for age, gender, body mass index, C-reactive protein level, pack years of smoking, cholesterol, physical activity, total energy intake, rheumatoid arthritis, osteoarthritis and hormone replacement therapy. ¶ This study was adjusted for age, race, sex, regular nonsterioidal anti-inflammatory drug use (yes or no), body mass index (in tertiles), physical activity (in tertiles), history of colorectal cancer in a parent or sibling (yes or no), smoking (never, former or current smoker), alcohol consumption (0-4.9 g, 5-9.9 g, 10-14.9 g or ≥15.0 g per day), post-menopausal hormone use (pre-menopausal, never, former or current user), consumption of beef, pork or lamb as a main dish (0-3 times per month, once a week, 2-4 times per week or ≥5 times per week), and energy-adjusted calcium and folate intake (in tertiles).
None of the studies was adjusted for multiple testing.
Aliment Pharmacol Ther 2014; 40: 147-159whereas no interaction was found for PTGS2 in other studies, including studies on prospective cohorts, and no interaction was found for PPAR.
Cytokines
The pro-inflammatory cytokines, interleukin (IL) IL-1B, IL-6, IL-8 and TNF-a, are early mediators of inflammatory response in the intestine. Leptin is involved in regulation of energy balance, immune and inflammatory responses. In case-control studies, interactions between NSAIDs and IL6 rs1800795 and LEP rs7799039 and rs2167270 were found (Table S1) . 36, 37 Carriers of the variant IL6 rs1800795 G-174C C allele benefitted more from NSAID use than homozygous wildtype carriers. 37 Likewise, carriers of the LEP rs7799039 wildtype allele and rs2167270 wildtype allele benefitted more from NSAID use than carriers of the other genotypes (Table  S1) . 36 Interaction between NSAID and IL1B rs4848306
was found in a prospective study (Table 1) . 19 The IL1B
homozygous wildtype genotype was associated with a higher risk of CRC and, furthermore, a reduced risk of CRC by intake of NSAIDs compared to the other genotypes. 19 These findings suggest that NSAID use was more beneficial for those who had the highest risk of CRC, i.e. those with genetically determined high IL-1B activity. 19 IL-1B induces COX-2 activity in response to inflammation. 8, 52 Furthermore, interactions between NSAIDs and the marker polymorphism near IL10 rs3024505 was found in a prospective cohort 19 and between the functional IL10 polymorphism rs1800872 in a case-control study (Table 1 and Table S1 , respectively). 43 Thus, two different studies found interaction between NSAID use and genetic variation in or close to IL10. Interactions between NSAID use and IL1B, LEP and IL6 in relation to CRC were suggested.
Wnt/b-catenin signalling rs6983267 has been associated with risk of CRC in several studies. 46 The most proximal gene in this region is MYC 335 kb downstream from rs6983267. MYC encodes a transcription factor involved in cell cycle progression, apoptosis and cellular transformation and the minor allele of rs6983267 has been found to up-regulate the MYC transcription leading to worsening of the prognosis of CRC. 53 Interaction between aspirin use and rs6983267 was assessed in two prospective cohorts. 46 Consistent results were found for the two cohorts. 46 Compared with non-use, frequent aspirin use was associated with 48% risk reduction among carriers of the TT genotypes (95% confidence interval (95% CI) = 0.35-0.78) in contrast to carriers of the GG genotypes who had no effect of aspirin use (OR = 0.99, 95% CI = 0.70-1.40, P int = 0.01). 46 Thus, the protective effect of aspirin was confined to homozygous carriers of the protective T allele of rs6983267 who constitute ca. 25% of the population (variant allele frequency for rs6983267 is 0.50 46 ). This study found interaction between aspirin use and rs6983267 near MYC in relation to CRC.
Other pathways A case-control study found interaction between NSAIDs and transcription factor TCF7L2 in relation to risk of CRC. The TCF7L2 rs7903146 T-allele carriers were at reduced risk of CRC by NSAID use in contrast to the homozygous wildtype C-allele carriers (reference). 35 A biological plausibility is suggested by another study which found association between TCF7L2 and risk of CRC. 54 The SMAD7 gene encodes a nuclear protein which plays inhibitory roles in transforming growth factor-b pathway (TGF-b) (Table S1) . 23 No interaction between NSAID use and SMAD7 in relation to CRC was found.
23
The mitogen-activated protein kinase (MAPK) pathways regulate cell proliferation and apoptosis. 29 Interactions between NSAID use and MAP3K10 rs892117 in relation to risk of colon cancer, and between NSAID use and MAPK1 rs2548663, MAPK1 rs2298432, MAPK12 rs2272857 and MAPK14 rs851016 in relation to rectal cancer were found in a large case-control study (Table  S1) . 29 However, the underlying biological effects were not readily interpretable as the functional effects of the polymorphisms are not known. The NFjB pathway is involved in inflammatory response, apoptosis and cell proliferation. 30 Interactions were found between NSAID use and NFKB1 (encoding NFjB) rs230490 in relation to risk of rectal cancer, and NSAID use and IKBKB (encoding IKKb) rs6474387 and rs11986055 in relation to risk of colon cancer. 30 No interaction was found between NSAID use and NFKB1 in a prospective cohort (Table 1) . 15 The proteins encoded by STAT6, TYK2 and JAK2 are members of the STAT family of transcription factors/ tyrosine kinase pathway. In response to cytokines and growth factors, STAT family members are phosphorylated by the receptor-associated kinases, and then form homo-or heterodimers that translocate to the cell nucleus where they act as transcription activators. This pathway plays a central role in exerting IL-4-mediated biological responses. Interactions between NSAID and the marker polymorphisms TYK2 rs280521 in relation to colon cancer, and NSAID use and TYK2 rs280521, STAT6 rs324011 and JAK2 rs10815160 in relation to rectal cancer were found (Table S1) . 32 Carriers of the variant allele of TYK2 rs280521 benefitted most from NSAID use compared to wildtype carriers (P int = 0.03 and P int = 0.009 in relation to colon and rectal cancer respectively). The potential biological effect of TYK2 rs280521 is not known. No interactions were found between NSAIDs and NR1I2 or NR1H2, encoding the xenobiotic receptors, members of the nuclear receptor superfamily, PXR and LXR, in relation to CRC in a prospective cohort (Table 1) . 15 The principal degradation pathway for aspirin is hydroxylation and glucuronidation by UGT1A6 whereas non-aspirin NSAIDs may be metabolised by cytochrome P450 enzymes followed by conjugation. 42 Interaction was found between NSAID use and CYP2C9 polymorphisms in relation to risk of CRC in a large study. 42 Enhanced protection by use of the NSAID ibuprofen among slower metabolising CYP2C9 variant carriers compared to fast metabolisers was found (Table S1) . 42 This result may suggest that slow metabolism of ibuprofen potentates the effects of the drug. Other studies found no interaction between NSAID use and polymorphisms in UGT1A6, CYP2C8 and CYP2C9 in relation to risk of CRC (Table  S1) . 34, 42 Toll like receptors (TLR) play a fundamental role in pathogen recognition and activation of innate immunity. They mediate host responses via NFjB activation and stimulation of the production of cytokines. One casecontrol study found that carriers of the variant alleles of TLR2 rs7656411 and TLR3 rs11721827 benefitted more from NSAID use than the homozygous wildtype carriers (Table S1 ). 33 TERT encodes telomerase which is a ribonucleoprotein polymerase that maintains telomere ends by addition of the telomere repeat TTAGGG. Deregulation of telomerase expression in somatic cells may be involved in oncogenesis. Interaction between NSAID use and TERT in relation to risk of CRC was found in a large case-control study. 31 TERT-CLPTM1L rs2853668 homozygous variant allele carriers benefitted more from NSAID use than wildtype carriers (Table S1) . 31 Interaction between NSAID use and TERT-CLPTM1L in relation to risk of CRC was suggested.
The DLG5 gene product localises to cell-cell adhesion sites and enhance degradation of TGF-b receptors. One study found that the DLG5 G113A A-allele carriers benefitted more from NSAID use than homozygous wildtype carriers (Table 1) . 20 Interaction between NSAID use and DLG5 in relation to risk of CRC was suggested.
The TP53 gene product regulates DNA repair, differentiation and apoptosis. 38 Interaction between NSAID use and TP53 Arg72Pro and p53PIN3 intron 3 single repeat nucleotide polymorphisms was assessed in relation to risk of CRC (Table S1 ). 38 For both polymorphisms, it was found that the homozygous wildtype carriers benefitted more from use of NSAIDs than variant allele carriers. 38 Interactions between NSAID use and genes encoding transcription factors in oncogenic, inflammatory and drug metabolisms pathways in relation to risk of CRC were suggested.
DISCUSSION
In this review, we evaluated interactions between NSAID use and polymorphisms in relation to CRC. Our aim was to identify biological pathways involved in the protective effects of NSAIDs and to identify polymorphisms that predict response to NSAIDs in relation to risk of CRC. Replication of previous findings is an essential step in genetic epidemiology. In this systematic review, one prospective and one case-control study identified the IL10 rs3024505 and rs1800872 respectively. 19, 43 In the study by NAN et al., two prospective cohorts were included and consistent results for the two cohorts were reported. 46 We found indications that aspirin interacted with rs6983267 close to MYC and NSAIDs interacted with rs3024505 and rs1800872 in or close to IL10 in preventing CRC, whereas no interaction with PTGS2 was detected. Other findings of interaction between genes in inflammatory and oncogenic pathways with NSAIDs are considered suggestive. One important finding was that there were no consistent significant interactions between PTGS (encoding COX) polymorphisms, and NSAID use in relation to risk of CRC. However, a large body of evidence implicates COX-2 in CRC. Animal studies indicate that COX-2 and the COX-2-derived PGE 2 promote colorectal carcinogenesis. 7, 56 In humans, COX-2 was overexpressed in tumour tissue in a high percentage of CRC cases. 57 Furthermore, increased COX-2 expression in tumour tissue was found to be associated with reduced survival among the CRC patients and aspirin use was found to selectively reduce risk and, furthermore, prolong survival of patients with COX-2 expressing CRC. 58, 59 Our genetic epidemiological studies showed that low-activity associated polymorphism PTGS2 A-1195G GG genotype was associated with increased risk of ulcerative colitis (a risk factor for CRC) and CRC indicating that genetically determined low COX-2 activity is a risk factor for CRC. 19, 60 Together, these studies indicate a role of COX-2 in colorectal carcinogenesis. Also, selective inhibition of COX-2 has been found to reduce risk of CRC in animal studies and observational studies. 58 NSAIDs is a heterogeneous group of drugs. 8 Perhaps, the most widely used daily NSAID is low-dose aspirin for cardiological prevention. The incidence and mortality rate due to colorectal cancer was significantly reduced when at least 75 mg of aspirin are taken daily for several years. 59 Although the primary effects of non-aspirin NSAIDs are competitive inhibition of COX-1 and COX-2, aspirin leads to irreversible inactivation of COX-1. Low-dose aspirin leads to irreversible inactivation of COX-1 by acetylation of serine residues in contrast to non-aspirin NSAIDs. Recovery of COX activity will therefore depend on de novo synthesis. The platelets have no nucleus and aspirin treatment thus leads to permanent extinction of the COX activity. COX-1 is constitutively expressed in the intestine whereas COX-2 is induced during inflammation after stimulation by cytokines. However, colon cells are nucleated and therefore able to generate de novo COX and, furthermore, have a high cell turnover leading to renewal of the cell population every 5 days. The half-life of aspirin in the blood is 20 min. 52 Luminal enteric-coated aspirin reaching the intestine may potentially contribute to the intestinal effects however, this topic is not illuminated. Moreover, aspirin has been found to be 170 times more potent in inhibiting COX-1 than COX-2. 52 Thus, higher doses of aspirin and shorter dosing intervals are likely to be required to ensure inhibition of COX-2 than used for cardio-protective usage. Our results suggest that PTGS2 polymorphisms play a minor role in clinical effects of NSAIDs in relation to prevention of CRC. Our result is compatible with the finding that aspirin sufficient to inhibit COX-1 but not COX-2 was sufficient for inhibition of prostaglandin synthesis in the colon. 5 Also, COX-2-independent NSAID mechanisms in relation to CRC prevention have been suggested, however, most of these have been based on animal or in vitro experiments which may not represent the clinical effects.
5, 61, 62
The anti-inflammatory IL-10 is essential for maintaining intestinal homoeostasis by inducing the antiinflammatory p50/p50 Nuclear Factor kappa Beta (NFjB) homodimer and thereby blocking induction of Aliment Pharmacol Ther 2014; 40: 147-159
NFjB-derived pro-inflammatory cytokines such as IL-1B. 63 Individuals carrying the IL10 rs1800872 (C-592T) variant allele had a significantly lower risk of CRC by the use of NSAIDs than homozygous carrier of the wildtype. 43 The functional IL10 rs1800872 variant was associated with low IL-10 activity [64] [65] [66] indicating that subjects with low genetically determined anti-inflammatory IL-10 response in the intestine may benefit from NSAID use whereas homozygous wildtype carriers were already protected. 43 One of the most essential oncogenic pathways in CRC is WNT/cadherin-associated protein b1 (CTNNB1 or b-catenin) signalling. CTNNB1 is a part of the tight junctions which are required for the creation and maintenance of epithelial cell layers by regulating cell growth and adhesion between cells. CTNNB1 have been implicated in risk of CRC. Aspirin inhibits CTNNB1 signalling. 46 rs6983267 on chromosome 8q24 is a CRC susceptibility locus (CRCS6, colorectal cancer susceptibility to, 6). Thus, the T allele is associated with 15% to 18% lower risk of CRC compared to the G allele.
46
rs6983267 has been suggested to affect binding activity of transcription factor 7-like 2 (TCF7L2) to CTNNB1 thereby altering expression of target oncogenes, including MYC. 46 Nan et al. found that the protective effect of aspirin was confined to carriers of the T allele of rs6983267 whereas carriers of the G allele had no effect of aspirin use. 46 The authors furthermore performed in vitro functional analysis of the rs6983267 polymorphism on a LS174T cell line heterozygous for rs6983267. The analysis suggested that rs6983267 interacted with aspirin by affecting the binding of TCF7L2 in an allele-specific way. 46 Higher doses of aspirin led to a stronger inhibition of the binding of the transcription factor to the T allele. 46 Thus, rs6983267 seemed directly to modify the effect of aspirin. The finding of association in the two cohorts is thus supported by functional findings. All others found interactions between NSAID use and polymorphisms must be regarded as suggestive.
Assessment of gene-environment interactions is dependent on objective and unbiased information on lifestyle factors such as NSAID use by, e.g. linkage to prescription registers. Prospective studies have the advantage that information from questionnaires is of the same quality. Furthermore, large studies are needed to have sufficient power to assess gene-environment interactions. On the other hand, pooling studies from different populations may reduce power for detecting gene-environment interactions because some differences in lifestyle factors cannot be accounted for in the studies.
Another approach may be to search for gene-environment interactions in relation to adenomatous polyps. Thereby the gene effects may be evaluated in the colorectal adenoma-carcinoma sequence context. However, no studies were found on rs6983267 (close to MYC), rs3024505 or rs1800872 (in or close to IL10) and adenomatous polyps. The used definitions of NSAID intake and sample size varies considerable among the studies included in this review (Tables 1, 2 and S1). Long-term daily use of NSAIDs has been found to have the most pronounced effect on CRC prevention 4 whereas dosing every second day seems to be less effective. 67, 68 Adjusting for confounders is important, and all results on prospective cohorts reported in Table 1 were at least adjusted for age and sex (Table 1) . Candidate gene studies have hypothesised interactions with NSAID in relation to CRC and, therefore, multiple testing was not applicable. 69 Instead, replication of previous findings is considered an essential step in genetic epidemiology. Also, publication bias might have occurred; data on positive associations were reported in tables whereas data on negative results may be omitted. Furthermore, in this study, we were unable to separate aspirin and non-aspirin NSAIDs or distinguish between CRC in the proximal or distal colon. 70, 71 In conclusion, this study emphasised that identification of gene-environmental interactions is a valuable tool in the search for underlying pathways and genes involved in the actions of NSAIDs.
We found indications that aspirin interacts with rs6983267 close to MYC and NSAIDs interact with rs3024505 and rs1800872 in or close to IL10 in preventing CRC, whereas no interaction with PTGS-2 was detected. Other findings of interaction between genes in inflammatory and oncogenic pathways with NSAIDs were considered suggestive. An interaction between NSAID use and a polymorphism may theoretically result in considerably differential impact on the individual risk of CRC. Depending on the disease frequency and the genotype distribution in the population such interaction may potentially affect the disease frequency in the population. Although the basis for stratifying the patients for optimal treatment is not yet available, the results presented here illustrates the feasibility of the approach. Studies on interactions of long-term use of NSAIDs, polymorphisms and CRC in large well-characterised prospective cohorts are warranted. Also, the publishing of both positive and negative results from studies attempting to replicate previous findings is important to advance further.
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